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This study was designed to investigate the biochemical mech-
anisms responsible for the connective tissue changes seen in 
actinic ally damaged skin, which is characterized histologi-
cally by diminution and ultrastructural alterations of collagen 
fibrils and deposition of elastotic material in the papillary 
dermis. We hypothesized that ultraviolet light could stimu-
late synthesis of interstitial collagenase in the skin, resulting 
in collagen degradation. Monolayer cultures of human fibro-
blasts or keratinocytes were irradiated with ultraviolet A 
(UV A) or ultraviolet B (UVB) radiation and interstitial col-
lagenase or its inhibitor, TIMP (tissue inhibitor of metallo-
proteinases) assessed in the conditioned medium with West-
ern immunoblots 24 h after irradiation. Northern blot 
analysis of the irradiated fibroblasts with a cDNA probe rep-
resenting collagenase was also performed. Cell viability was 
> 90% with all doses ofuV radiation studied. A dose-related 
C hronic exposure to ultraviolet radiation produces profound clinical and histologic effects, more pro-nounced in fair-skinned persons. Clinically, chroni-cally sun-exposed skin is wrinkled and lax with irregular pigmentation and telangiectasias. Histologi-
cally, photodamaged skin is characterized by epidermal hyperplasia 
with cellular atypia and loss of polarity [1] and changes in the papil-
lary dermis with accumulation of elastotic material, basophilic de-
generation of collagen, and increased amounts of glycosaminogly-
cans [2]. The elastotic material represents abnormal, degenerated 
elastic fibers [2,3] as well as fibronectin and lesser amounts of types I 
and III collagen [4]. Ultrastructural alterations of the collagen in 
sun-exposed skin include a diminished number of fibrils with re-
duced electron density, reduced cross-striations, and surrounding 
filaments of degraded collagen [2] . 
The biochemical processes responsible for the collagen changes 
are poorly understood. Several investigators have reported reduced 
concentrations of proline and hydroxyproline in sun-exposed skin, 
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Abbreviations: 
DMEM: Dulbecco's minimal essential medium 
FCS: fetal calf serum 
TIMP: tissue inhibitor of metalloproteinases 
TPA: tetradecanoylphorbol acetate 
UVA: ultraviolet A 
UVB: ultraviolet B 
UVR: ultraviolet radiation 
increase in immunoreactive collagenase was detected in the 
medium of fibroblasts irradiated with 0 - 10 J / cm2 of UV A 
radiation as well as a parallel increase in the collagenase 
mRNA in the irradiated cells. UVA radiation stimulated col-
lagenase synthesis in both neonatal and adult fibroblasts. 
TIMP production in UV A-irradiated fibroblasts increased to 
a lesser degree than did collagenase and its increase did not 
parallel the increase in collagenase. UVB (0-100 mJ/cm2) 
did not stimulate collagenase production by fibroblasts. In 
contrast to the stimulation of collagenase production by fibro-
blasts, a slight decrease in immunoreactive collagenase was 
seen in UV A-irradiated keratinocytes. These data suggest 
that direct stimulation of collagenase synthesis by human 
skin fibroblasts by UV A radiation may contribute to the con-
nective tissue damage induced by ultraviolet radiation lead-
ing to photoaging.] Invest DermatoI99:440-444, 1992 
suggestive of collagen degradation [5 ,6]. Alternatively, others l~ave 
found evidence suggestive of reduced collagen synthesis in Irra-
diated skin [7]. Increased type III collagen in relation to type I 
collagen in ultraviolet (UV)-irradiated human and animal skin has 
also been described [8,9], an altered pattern of collagen synthesis an~ 
deposition that mimics tissue injury [10,11] and embryonic and ~eta 
skin [12]. However, other investigators have not found alteratlOn]s 
in the ratio of type III to type I collagen in irradiated skin [6,13,14 , 
but did describe decreased total collagen in irradiated mouse skw 
[14]. 
Native interstitial (types I and III) collagen, which constitu.tes 
70% of the dry weight of skin, is highly resistant to nonspeCI~C 
proteolysis. Collagenase, a neutral metalloproteinase, cleaves fibrIl-
lar collagen into specific t- and i-length fragments that are then 
susceptible to further proteolysis [15]. Collagenase, therefore, as-
sumes a key role in the remodeling of interstitial collagen. In human 
skin, both fibroblasts [16] and keratinocytes [17,18] have bee.n 
shown to synthesize and secrete collagenase in vitro. Collagenase IS 
synthesized and sereted as a proenzyme doublet with molec.ular 
weights of 52 (the major form) and 57 kD (a glycosylated mwor 
form) [1 9,20]. Proteolytic cleavage of a lO-kD fragment converts 
the proenzyme to the active form [19]. 
Collagenase activity is inhibited by tissue inhibitor of ~etall~l 
proteinases (TIMP), a 28.5-kD glycoprotein that binds 111 a 1-
molar ratio with active interstitial collagenase [21]. Both fibroblasts 
and keratinocytes produce and secrete TIMP [18,22]; thus, net en-
zyme activity in vivo represents the level of activated collagenase 
that exceeds that of TIMP. d 
Therefore, collagen degradation is seen in chronic UV-expose 
skin and the biochemical processes responsible for this are foorlY 
understood. This study was designed to evaluate the effects ° ultraj 
violet light on collagenase and TIMP production by culture 
human ' fibroblasts and keratinocytes. Cultured human fibroblastS 
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and keratinocytes were irradiated with increasing amounts of UV A 
or UVB and collagenase and TIMP production assessed. 
MATERIALS AND METHODS 
Cell Culture Human fibroblasts and keratinocytes were initiated 
from adult and neonatal tissues and cultured as previously described 
[17]. Fibroblasts were grown to confluency in DMEM with 10% 
FCS and keratinocytes were grown to confluency in the serum-free, 
defined medium, MCDB 153 (Sigma, St. Louis, MO), with supple-
ments [17] and 0.1 mM calcium. 
Irradiation of Cells Confluent cultures of fibroblasts or kerati-
nocytes were irradiated through a thin « 1 mm) layer of PBS and 
the plastic lid of the tissue culture dish. Cells used in each experi-
ment had been plated at identical densities and had originated from a 
single parent plate. Control cultures were sham irradiated for the 
length of time needed to administer the highest dose ofUV. Cells 
were irradiated with either long wave (UV A, 320 - 400 nm) or 
short wave (UVB, 280 - 320 nm) UVR. The UV A light source was 
a bank of three Sylvania fluorescent tubes (F40T12 BL/HO, Na-
tional Biological Corp., Twinsburg, OH) and the UVB light source 
Was a bank of two 4-foot UVB sunlamp bulbs (Westinghouse FS40, 
National Biological Corp.). The amount ofUVR administered was 
assessed with a IL1350 radiometer (International Light, Newbury-
port, MA) with the appropriate UVB or UVA probes. With UV A 
irradiation, the culture dishes were covered with a Schott 320-nm 
filter (Schott America, Yonkers, NY) to screen out wavelengths 
below 320 nm. Following irradiation, fibroblasts were re-fed with 
1 ml of D MEM with 10% serum or with 1 ml of D MEM without 
serum when Western immunoblots were to be performed (albumin 
in the serum interferes with the detection of collagenase in the 
conditioned medium). The keratinocytes were re-fed with 1 ml of 
the MCDB 153 with 0.1 mM calcium. Hydrocortisone, a usual 
supplement to the keratinocyte medium, was omitted at this point 
because corticosteroids have been shown to suppress collagenase 
production in vitro [23,24]. The conditioned medium (Western 
blots) or the cells (Northern blots) were harvested 24 h after irradia-
tion. The conditioned medium was clarified with centrifugation 
and frozen at -20°C until use. In early experiments, cell viability 
Was assessed with trypan blue exclusion and cell counts were per-
formed using a Coulter ZM counter. 
Detection of Collagenase and TIMP Protein The production 
of collagenase and its inhibitor, TIMP, was assessed with standard 
Western blot methodology [25] using a rabbit anti-collagenase anti-
body developed in our laboratory and a rabbit anti-TIMP antibody 
generously provided by Dr. George Stricklin of Vanderbilt Univer-
sity. Because collagenase and TIMP are secreted by fibroblasts 
[16,22] and keratinocytes [17,18] after synthesis and not stored in-
tracellularly, the conditioned medium alone was assayed for protein 
production. Equal volumes of unconcentrated or ten- to fifteen-fold 
concentrated (Centricon-30, Amicon, Beverly, MA) conditioned 
medium were separated by molecular weight on a 15% polyacrylam-
ide gel [26]' transferred to nitrocellulose, and incubated with anti-
serum to collagenase (1:300 dilution) or TIMP (1:300 dilution) . 
. The blots were incubated with a secondary antibody, a biotinylated 
goat anti-rabbit IgG (Pel-Freeze Biologicals, Rogers, AR) followed 
by an avidin-biotin-alkaline phosphatase solution (Vectastain-ABC, 
Vector Labs, Inc., Burlingame, CA) and developed colorimetrically 
with a bromochloroindolyl phosphate-nitro blue tetrazolium sub-
strate. Absorbance densitometry of the bands was performed on 
copies of the blots photocopied onto overhead transparency paper. 
The area under the densitometry tracings, which corresponds to the 
density of the protein bands, was computed with image-analyzing 
software. Preliminary studies, using known amounts of purified 
collagenase, demonstrated that the intensity of the collagenase 
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Figure 1. Western blot of immunoreactive collagenase from conditioned 
medium ofUVA-irradiated fibroblasts. Human dermal fibroblasts were irra-
diated with 0, 2, 4, 6, 8, and 10 ]jcm2 ofUVA (fortes 1-6, respectively) and 
the conditioned medium collected 24 h post-irradiation. Cell viability was 
> 90% at all doses of UVA. The conditioned medium was concentrated and 
equal amounts of each sample analyzed on a 15% polyacrylamide gel. Immu-
noreactive collagenase (arrow) was revealed with Western blotting using a 
rabbit polyclonal antiserum. UVA irradiation increased the anlount of colla-
genase produced by the fibroblasts. 
staining increased in a linear fashion with increasing amounts of 
protein. 
Northern Blot Analysis Total RNA was extracted from the 
irradiated cells by acid guanidinium thiocyanate-phenol-chloro-
form extraction [27] followed by Northern blot analysis of the 
extracted RNA. Equal amounts of total RNA (20,ug/lane) was 
fractionated by size on a 1 % agarose, 2.2 M formaldehyde gel [28]. 
The RNA was transferred by diffusion to nylon-backed nitrocellu-
lose (Duralose-UV, Stratagene, Inc., La Jolla, CA), linked to the 
membrane by exposure to UV light, and hybridized with the dena-
tured 32P-Iabeled cDNA probe for collagenase for 24 h at 42°C. 
The eDNA corresponding to collagenase was obtained from the 
American Type Culture Collection (ATCC)/NIH DNA Reposi-
tory and radiolabeled using a random-priming method [29]. Follow-
ing hybridization, an autoradiograph was produced and evaluated 
with densitometry. In some experiments, the mRNA for an unre-
lated "housekeeping gene," CHO-B, was also hybridized to the 
blots to evaluate the specificity of the UVA response [30,31]. 
RESULTS 
Fibroblast cui tures irradiated with 0 - 10 J / cm2 of UV A demon-
strated no change in cell numbers or viability following irradiation 
and cell viability was greater than 90% in all cultures at 24 h post-
irradiation (data not shown). Irradiation with UVA produced a lin-
ear increase in the immunoreactive collagenase in the conditioned 
medium, as demonstrated with Western blots of concentrated con-
ditioned medium (Fig 1). Collagenase production by both neonatal 
and adult fibroblasts was stimulated with UV A. Figure 2 demon-
strates the results from three experiments with cells from three 
different donors, in which densitometry of the collagenase bands on 
the Western blots was performed. In this set of experiments, UV A 
irradiation increased the amount of immunoreactive collagenase in 
the medium two- to thirteenfold. 
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Figure 2. UV A-induced increase of collagenase production by fibroblasts 
in three experiments. Densitometric analysis of the collagenase bands from 
three experiments in which fibroblasts were irradiated with UVA, as per Fig 
1, was performed. In this set of experiments, 10 J/cm2 of UVA irradiation 
stimulated collagenase production in cultured fibroblasts two- to thirteen-
fold. 
Irradiation with UV A also resulted in an increase in the mRNA 
corresponding to collagenase in the fibroblasts (Fig 3). Equal 
amounts of extracted RNA were loaded into each lane of an agarose 
gel, transferred to nitrocellulose and hybridized with a 32P-labekd 
cDNA probe for collagenase (Fig 3A) . Densitometric analysis of the 
autoradiogram in Fig 3A revealed a twelvefold increase in collagen-
ase mRNA in the fibroblasts irradiated with 10 J/cm2, compared 
with un irradiated cells (Fig 3B). There was no increase in the 
amount of the nuclear housekeeping gene, CHO-B, in UVA-irra-
diated cells; thus, UV A irradiation did not produce an overall in-
crease in gene expression. 
In contrast to the effect of UVA, fibroblasts irradiated with non-
lethal doses of UVB (0-100 mJ/cm2) did not demonstrate an in-
crease in collagenase in the conditioned medium or an increase in 
collagenase mRNA (not shown). Thus, the effect of UVA was 
specific for the UV A wavelengths and was not simply a general 
effect of irradiation. 
Cultured human keratinocytes also produce interstitial collagen-
ase constitutively and in response to TPA and certain matrix mole-
cules [18,32]. Monolayer cultures of keratinocytes were irradiated 
with 0-10 J/cm2 of UVA with> 90% cell viability at 24 h. In 
contrast to the stimulation of collagenase production by fibroblasts 
produced by UV A irradiation, no increase in immunoreactive colla-
genase was detected in the irradiated keratinocyte cultures. In fact, 
UV A slightly decreased the amount of immunoreactive collagenase 
in the conditioned medium of the irradiated keratinocytes (Fig 4). 
The net degradative effect of collagenase in vivo is a reflection of 
the amount of collagenase produced, as well as its inhibitor, TIMP. 
Because studies have shown co-regulation of collagenase and TIMP 
production by fibroblasts in response to certain stimulatory agents 
[33], the effect ofUVA irradiation on TIMP production was exam-
ined with Western blots. UV A irradiation produced a less · than 
twofold increase in immunoreactive TIMP in the conditioned me-
dium (Fig 5), with the greatest increase seen at 4-6 J/cm2. Thus, 
the magnitude of the increase in TIMP was much less than the 
increase in collagenase with similar doses of UV A. In addition, the 
small increase in TIMP production did not parallel the increase in 
collagenase production (Fig 2) where the greatest stimulation was 
seen with 10 J/cm2 ofUVA. 
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Figure 3. (A) Effect ofUVA irradiation on collagenase mRNA from fibrod blasts. Total RNA was extracted from UVA-irradiated, TPA-treated, ill d 
control fibroblasts and analyzed with Northern blotting using a labe e 
cDNA probe representing human fibroblast collagenase. La"e 1, collagf'3Se 
mRNA from TPA-treated fibroblasts. Latles 2-5, collagenase mRNA ro~ 
fibroblasts irradiated with 0, 2.5, 5, and 10 J/cm2 ofUVA, respectively·JA_ 
Densitometric analysis of Northern blot of collagenase mRNA from U 
irradiated fibroblasts. Densitometric analysis of the autoradiogram in A r:~ , 
vealed that the density of the collagenase band at 10 J/cm2 was 12 tim II 
. dlaUo greater than the density of the band at 0 J/cm2 • Thus, UVA Irra e 
increased the level of mRNA corresponding to collagenase and this incrcas 
paralleled the increase in immunoreactive protein. 
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Figure 4. Collagenase production in UV A-irradiated keratinocytes. Kerati-
nocytes were irradiated with 0-8 ]/cm2 of UVA and the conditioned me-
dium collected after 24 h. Cell viability was> 90% at all doses ofuV A. The 
conditioned medium was concentrated and immunoreactive collagenase in 
the concentrated samples analyzed with Western blot. In contrast to its 
effect on fibroblasts, UV A irradiation did not stimulate collagenase produc-
tion by keratinocytes. In this experiment, 8 ]/cm2 of UVA produced a 
twofold decrease in collagenase production by the cultured keratinocytes. 
DISCUSSION 
These studies have demonstrated stimulation of collagenase synthe-
sis by cultured human fibroblasts irradiated with UV A. Irradiation 
with UVA resulted in both increased amounts of collagenase pro-
tein detected in the conditioned medium, as well as increased 
amounts of mRNA corresponding to collagenase. Both adult and 
neonatal fibroblasts were stimulated by UVA. In these experiments, 
the response to UV A was specific to fibroblasts and collagenase 
production was not stimulated in UV A-irradiated keratinocytes. 
Also, the stimulatory effect of UV irradiation was specific for the 
wavelengths in the UV A range and was not seen in response to 
irradiation with UVB. 
Ultraviolet radiation reaching the earth's surface consists of both 
short-wave (UVB) and long-wave (UV A) radiation. The fact that 
UV A stimulated collagenase production, and UVB did not, was 
somewhat surprising because many of the studies in photoaging 
have examined the role of UVB in the production of histologic 
changes consistent with photoaging (e.g., elastosis) [34,35]. How-
ever, more recent studies have shown that both UVB and UVA 
produce connective tissue damage in mice [36,37], with solar-simu-
lating radiation (UVB plus UV A) producing the most dramatic 
changes [36]. UV A undoubtedly contributes to clinical photoaging 
in humans, because 10 - 20 times more UV A is present in sunlight 
and the amount of UVA reaching the earth's surface is much less 
dependent on time of day and seasonal changes. Artificial fluores-
cent lights also contribute to the incident UVA; therefore, the total 
dose of UVA in the environment is 100 to 1000 times the UVB 
dose. of particular relevance to our data demonstrating that fibro-
blasts and not keratinocytes respond to UV A is the fact that UV A 
penetrates deeper into the dermis of human skin than does UVB, 
and thus, has potentially more access to fibroblasts in vivo. 
The mechanism by which UV A stimulates collagenase produc-
tion in fibroblasts has not yet been elucidated. However, recent 
studies have demonstrated direct effects on membrane second mes-
senger systems in cells irradiated with UVR. Matsui and DeLeo 
have demonstrated that UV A irradiation stimulates PKC activity in 
fibroblasts in culture [38], presumably via a direct effect ofUVA on 
the cell membrane. In contrast, UVB did not appear to increase 
PKC activity in these cells. Studies in regulation of collagenase 
synthesis have demonstrated that collagenase production is stimu-
lated by the tumor-promoting phorbol ester, TPA, in both fibro-
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blasts and keratinocytes [17,39]. Because TPA acts, at least in part, 
through induction ofPKC [40], the stimulatory effect ofUVA on 
collagenase production by fibroblasts may result from induction of 
this second messenger pathway. The fact that keratinocytes do not 
respond to UV A in a similar fashion may indicate multifactorial 
stimulatory mechanisms or simply a lack of stimulation of PKC 
activity by UV A in these cells. 
The level at which collagenase synthesis is stimulated can only be 
partially determined from these studies. The increase in collagenase 
mRNA in irradiated fibroblasts is consistent with either increased 
gene transcription or enhanced stability of the collagenase mRNA. 
Additional studies are underway to further delineate the level of 
stimulation of collagenase. 
TIMP synthesis was slightly increased with UVA irradiation; 
however, its increase did not parallel, and was of a smaller magni-
tude than, the increase in collagenase synthesis. These data suggest 
that TIMP and collagenase genes are not co-regulated in response to 
UVA stimulation. These data also support the hypothesis that stimu-
lation of collagenase production by UV A may well contribute to 
UV -induced connective tissue damaged in vivo, because the slight 
increase in TIMP synthesis in response to UV A would not offset the 
larger increase in collagenase synthesis. 
Collagenase is a member of the matrix metalloproteinases gene 
family that degrades extracellular matrix, including native and dena-
tured interstitial (types I and III) collagen, types IV and VII colla-
gen, proteoglycans, laminin, and fibronectin. Members of this gene 
family include interstitial collagenase, as well as the 72- and 92-kD 
type IV collagenases and stromelysin. The putative mechanisms 
responsible for the connective tissue changes in UV irradiated skin 
are poorly understood. Our data suggest that at least some of the 
changes may result from stimulation of the collagenolytic enzyme, 
collagenase, with resultant collagen degradation. It is possible that 
synthesis of other members of the matrix metalloproteinase gene 
family are also augmented by UVR, leading to damage of other 
components of dermal connective tissue. Further studies are 
planned to investigate this possibility. 
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Figure 5. Effect of UVA irradiation on TIMP production by fibroblasts. 
The effect ofUVA on the production of the collagenase inhibitor, TIMP, by 
fibroblasts was assessed in two experiments. In the first experiment (loUler 
lille) , unconcentrated conditioned medium was analyzed with Western 
blots; concentrated medium was used in the second experiment (upper lille). 
UVA irradiation produced a slight (less than twofold) increase in TIMP 
production by the fibroblasts. The stimulation was greatest at 4 - 6] / cm2 of 
UVA. The increase in TIMP production did not parallel the increase in 
collagenase production (Fig 2), where the greatest stimulation was seen with 
10 ]/cm2 ofUVA. 
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